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Abstract

sc2is a new implementationof theStreams-C[3] languageandcompiler. ThismanualdescribestheStreams-Clanguage
andsc2compilerstructure. TheStreams-Cprogrammingmodelis that of communicatingprocesses.A systemconsistsof a
collectionof processesthat communicateusingstreamsandsignals. Processescan run either in software on conventional
processors (SP) or in hardware on FPGA processors (HP). Processes(and their associatedstreamand signals)can be
createddynamicallybyothersoftware processes.

Thesc2compiler, which consistsof several passesusingtheStanford University IntermediateFormat(SUIF) infrastruc-
ture, is usedto compileFPGA processes.Thecompilertranslatesa subsetof C into Register-Transfer-Level (RTL) VHDL
that is synthesizableon FPGAs.

Thesc2compilerpassesarefreelyavailablefor noncommercial usein sourceformfromLosAlamosNationalLaboratory.
Pleasecontacttheauthors for more information.

1. Introduction

This manualdescribesthe Streams-Clanguageandcompiler. sc2is a new implementationof Streams-C[3], a parallel
languagefollowing thecommunicatingprocessesmodel.Thelanguageconsistsof a smallcollectionof additionsto C in the
form of new datatypesandintrinsic calls. The sc2compiler translatesthe C programinto Register-Transfer-Level (RTL)
VHDL thatcanbesynthesizedto FPGAs.

In themanualwe describethelanguageextensions,definethesubsetof C thatwe cantranslateto VHDL, andsketchthe
compilerimplementation.sc2definesprocessesthatcommunicatedataoverstreamsandeventsvia signals. A processmay
beasoftwareprocess(SP)onaconventionalprocessoror ahardwareprocess(HP)onanFPGA.Thesc2compileris usedto
translateHPprocessesto VHDL. SPprocesses,whichuseasoftwarelibrary includedwith sc2,arecompiledby thenativeC
compilerof thesystem.

TheoriginalStreams-CcompilertargetedtheAnnapolisMicroSystemsWildforceFPGAboard.Thesc2compilerrelease
provideshardwarelibraries for the AMS Firebird, which containsa singleXilinx Virtex E on a 64-bit PCI bus. The sc2
softwarelibrary is basedon Linux.

1.1. Scope of this Reference Manual

Thepurposeof this referencemanualis to presenttheuniquefeaturesof Streams-C,alongwith examplesof its use.This
referenceguideis not intendedto beareferenceontheANSI C programminglanguage.Also, it is assumedthatthereaderis
familiarwith parallelprogrammingandthecommunicatingprocessmodel.



1.2. Conventions

All C syntaxconventionsarefollowedfor Streams-C.The codeappearingin the bodyof a Streams-Cprocessdoesnot
introduceany non-Csyntax.New constructsappearin theform of predefinedtypesandintrinsic functionsandin directives
(in commentblocks)to thesc2compiler.

Whenever a Streams-Cconstruct– predefinedtype, intrinsic function,etc. is referenced– it will beshown in bold face,
with all C anduser-suppliedinformationinterspersedin theconstructin regulartype. All sc2predefinedtypesandintrinsic
functionshave theprefacesc aspartof their name.

An explanationof languagefeaturesthatarerestrictedin thecurrentimplementationof thecompilerareidentifiedby ‘ (I)’
precedingor following themanualtext, asappropriate.Examplesof illegal codeareprecededby an italic warningstating
thattheexampleis illegal.

A looseBNF notationis usedto describesyntax.Whena category in anglebracketscontainsthestring“name,” it must
beaC identifier, eg. � streamname� denotesthenameof a stream,andthenamemustconformto C identifierformat.

2. Programming Model

Theconceptof usingFieldProgrammableGateArrays(FPGAs)ascustomizablecomputeenginesbeganin thelate1980’s,
andsincethen,many realizationsof thatconcepthave beendevelopedthathave deliveredthepromisedperformanceaccel-
eration.However, that10x-100xof performancethatcanbeobtainedfor suitableapplicationson ReconfigurableComputers
(RCCs)hasbeenat the costof 10x-100xincreasein difficulty of applicationdevelopment.FPGA-basedsystemsoffer the
programmabilityof software,allowing a vastnumberof applicationsandapplicationvariantsto bemappedontothem.De-
spitemany promisingresearchefforts, themainstreamof applicationdevelopmentmustuseComputer-AidedDesign(CAD)
tools thatareorientedtowardshardwareratherthansoftwaredevelopment,characterizedby high costof the tool set,long
compiletimesif a reasonablelevel of abstractionandportability aredesired,andmostimportant,thenecessityof develop-
ing andcompletelyunderstandingthecycle-by-cyclebehavior of millions of gatesspanningmultiple FPGAchipsandfixed
functionunits.

In recentyears,aconcertedeffort hasbeenlaunchedto remedythedesigntool problem.Many of thesetoolsareembedded
in highlevel designsimulationenvironments(Ptolemy, Khoros,MatLab,HandelC)([7], [8])or target“dustydeck”sequential
proceduralcode([4]), while otherstargetlow level, technology-specific,optimizeddesigns([1], [6]).

The sc2 languagerepresentsan intermediateapproachbetweenthosevery high level andvery low level designtools.
Our target machineis an attachedparallel processorsuchas the AnnapolisMicrosystemsFirebird. ThesePCI or VME
acceleratorssit on the I/O bus of a conventionalworkstationor PC.They includemultiple FPGAsinterconnectedby both
fixedandprogrammableresources.TheFPGAshave accessto local or sharedSRAM chips,andhave somerelatively slow
methodof communicatingwith theworkstation.

With currentcompilertechnology, parallelizationof theapplicationandmappingto theFPGAboardarchitecturearebest
performedby theapplicationdeveloper. This is in keepingwith methodsof programmingconventionalparallelmachines,in
which theapplicationdeveloperusuallymanuallyparallelizestheprogramandinsertsmessage-passingandsynchronization
logic. However, it is our thesisthat theapplicationdevelopershouldnot have to bea hardwaredesignerin orderto develop
reasonablyefficient programs,that clock-cycle-level of specificationshouldnot be required. With this middle approach,
softwareengineersknowledgeablein parallelprogrammingcancreateapplicationson FPGA-basedprocessors.

The sc2modelembodiesthe above designgoals. Our programmingmodel is targetedat stream-orientedFPGA appli-
cations. Characteristicsof stream-orientedcomputingincludehigh-data-rateflow of oneor moredatasources;fixed size,
small streampayload(onebyte to oneword); compute-intensive operations,usuallylow precisionfixed point, on the data
stream;accessto small local memoriesholding coefficientsandotherconstants;andoccasionalsynchronizationbetween
computationalphases.

Thesc2languageis actuallyasmallsetof annotationsandlibrary functionscallablefrom aconventionalC program.The
annotationsareusedto declarea process, stream, or signal, andto assignresourceson the FPGA boardto thoseobjects.
Thelibrary functionsareusedto communicatestreamdatabetweentheprocesses.

sc2follows the CommunicatingSequentialProcesses(CSP)[5] parallelprogrammingmodel. The implementationis a
combinationof annotationsand library functionscallablefrom C. This is for pragmaticreasonsas our compiler is built
within theframework of theSUIF compilerinfrastructure,which bestsupportsC andFortran. In our model,therearethree
distinguishedobjects:processes,streams,andsignals.A processis an independentlyexecutingobjectwith a processbody
(the “run function”) that is given by a C subroutine.A processcanrun on a conventionalprocessoror on an FPGA chip.



/// PROCESS_FUN <function_name>
/// IN_STREAM <stream_element_data_type_name> <stream_name>
... other input streams ...
/// OUT_STREAM <stream_element_data_type_name> <stream_name>
... other output streams ...
/// IN_SIGNAL <signal_element_data_type_name> <signal_name>
... other input signals ...
/// OUT_SIGNAL <signal_element_data_type_name> <signal_name>
... other output signals ...
/// PARAM <parameter_type_name> <parameter_name>
... one parameter declaration per process ...
/// PROCESS_FUN_BODY
... C code ...
/// PROCESS_FUN_END

Figure 1. Format of a Streams-C Run Function

An FPGAprocessmustbewritten in a subsetof C (definedbelow in Section6). In addition,intrinsic functionsto perform
streamor signaloperationsmay be referenced.Processesmay be initiated dynamicallyduring execution. A processruns
until it exits with a returnstatement,controlreachestheendof theprocessbody, or it is terminatedby its initiating process.

Thesc2compilersynthesizeshardwarecircuits for oneor moreFPGAsaswell asa setof communicatingprocesseson
conventionalprocessors.Thecompilerincludespreviouslyreportedfeatures([2]) extendedto pipelinedstreamcomputation,
sothatthegeneratedhardware/softwareis capableof pipelininga computationacrossmultiple FPGAsandtheconventional
processor. Our systemincludesa functionalsimulationenvironment,allowing theprogrammerto simulatethecollectionof
parallelprocessesandtheir communicationat thefunctionallevel.

3. Declaring Processes, Streams, and Signals

3.1. Graphical Description

3.2. Textual Description

This sectiondescribesthe format for describingthe specificprocesses,streams,andsignalsthat a Streams-Cprogram
uses.Thesedirectivesareembeddedin speciallyformattedblocks. Eachdirective mustbe on oneline. Eachdirective is
prependedby “///” startingwith thefirst characterof theline. Next, akeywordidentifyingthedirectivemustappear, followed
by parameter(s)to thedirective.

Thefirst setof directivesdescribethe“run function” of a process.This is thebodyof codethatgetsexecutedwhenthe
associatedprocessis initiated.ThePROCESSFUN directivegivesanameto therun function,input andoutputstreamsand
signalparameters,followedby anoptinalparameterto bepassedto theprocesswhenit is initiated. After theparameter, the
bodyof thefunctionappearsasnormalC code,usuallycontainingvariabledeclarations,streamand/orsignalcommunication,
andcomputation.A keyworddirective is usedto marktheendof therun function.

The function nameis a C identifier. The streamandsignal namesare also identifiersandcan be usedwithin stream
operationswithin the body of the C code. The datatype of streamor signalelementsprecedesthe nameof the streamor
signalasin normalC syntax.A singleparameterto theprocessis alsopermitted.Theformatof thePROCESSFUN directive
is shown in Figure1.

To describea processto Streams-C,the PROCESSdirective is used. A processhasan associatedrun function andis
of type “SP” (softwareprocess)or “HP” (hardwareprocess).ThePROCESSdirective optionallymaybeusedto declarea
1-dimensionalarrayof processes.

Theuseof � arrayspec� meansthat thesystemcontains� integer� numberof processes.Arraysof processesareoften
usefulto describesystoliccomputation.Thetypeof eachprocessmustbegivenaseitherSPfor softwareprocessor HP for
hardwareprocess.If omitted,SPis assumed.TheoptionalON clausemapstheprocessontoaspecificresourceof thesystem



/// PROCESS <process_name> [<array_spec>] PROCESS_FUN <process_fun_name>
[TYPE [SP | HP]] <on_spec>

<array_spec> ::= ’[’ <integer> ’]’
<on_spec> ::= [ ON <resource_name> ]

Figure 2. Format of a Streams-C Process Directive

/// CONNECT <process_name> [<process_ref1>.<port>] [ <fifo_spec> ] \
<process_name> [<process_ref2>.<port>] [ <fifo_spec> ]

<process_ref1> ::= ’[’ <integer> ’]’ |
’[’ <integer> .. <integer> ’]’

<process_ref2> ::= ’[’ <integer> ’]’ |
’[’ ’!’ [+|-] <integer> ’]’

<port> ::= stream or signal name from a PROCESS_FUN directive

<fifo_spec> ::= FIFO_SIZE <uint>

Figure 3. Format of a Streams-C CONNECT Directive

suchasa specificFPGAchip or processor. Thedefault for a softwareprocessis sc host;default for hardwareprocessesis
FPGA.Figure2 shows theformatof thePROCESSdirective.

The lastdirective CONNECTis usedto connectprocessesvia streamsandsignals.To connecttwo processes,thename
of oneprocess’sstreamor signalis associatedwith thenameof anotherprocess’sstreamor signal.In Figure3, thestreamor
signalformalparameterdefinedin thePROCESSFUN directive is genericallyreferredto asaport.

(I) TheCONNECTdirectivemustbespecifiedfrom “source”to “destination.”
The � processref � is thenameof a processthathasbeendeclaredin a PROCESSdirective. If thenamedenotesanarray
of processes,a subscriptmaybeusedto selecta singleprocessinstance,a rangeof processinstances,or a processinstance
relative to otherinstances.

Therelativenotation“[! + integer]” or “[! - integer]” is usedin conjunctionwith a rangeof processinstances.The“!” is
usedin thesecondprocessreferenceandtakesoneachvaluein therangespecifiedby thefirst processinstance.Thisnotation
is usefulfor connectingprocessesin a systolicarray. For anexampleof the useof this directive to declareandconnectan
arrayof processes,seeFigure4.

(I) Do not useexternalmemoryin an arrayof hardwareprocesses.The Streams-Cmodeldoesnot arbitrateexternal
memoryaccessbetweenmultiple hw processes.Chooselocal memorysucha block ramor CLB ram. Local memoryis not
implementedfor arraysof processesyet.

The � fifo spec� is usedto setthesizeof theFIFOsat thesenderandreceiverrespectively. If omitted,16-elementFIFOs
areused.Allowablefifo depthsare16,32 and64.

(I) theconnectionsbetweenprocessesmustbeone-to-one.Broadcastpatternsarenotsupported.Many to oneconnections
arenot supported.

In this exampletherearetwo softwareprocessescalledsetupandfinish, and10 instancesof a hardwareprocessp. The
first instanceof p receivesstreamdatafrom setup.Instances1 through9 receive datafrom thepreviousinstance.Theninth
instanceoutputsdatato thefinish process.

4. Predeclared Integer Data Types

Streams-Cprovidespredefinedunsignedandsignedintegerdatatypesfor selectedbit lengthsrangingfrom 1 to 128,as
shown in Figure5. Thebit lengthswe supportare1, 2, 4, 6, 8, 12, 16,18, 20,24, 32,40, 48, 64,128. A simpleconvention
is usedto namethesepredefinedtypes. Signedtypeshave the namesc int � bit length� . Unsignedtypeshave the name



/// PROCESS_FUN setup_run
/// OUT_STREAM sc_uint4 data
/// PROCESS_FUN_BODY
... beginning of C code ...
/// PROCESS_FUN_END

/// PROCESS_FUN finish_run
/// IN_STREAM sc_uint4 processed_data
/// PROCESS_FUN_BODY
... beginning of C code ...
/// PROCESS_FUN_END

/// PROCESS_FUN p_run
/// IN_STREAM sc_uint4 str1
/// OUT_STREAM sc_uint8 str2
/// PROCESS_FUN_BODY
... beginning of C code ...
/// PROCESS_FUN_END

/// PROCESS setup PROCESS_FUN setup_run

/// PROCESS p [10] PROCESS_FUN p_run TYPE HP

/// PROCESS finish PROCESS_FUN finish_run

/// CONNECT p[0].str1 setup.data
/// CONNECT p[1 .. 9].str1 p[!-1].str2
/// CONNECT p[9].str2 finish.processed_data

Figure 4. CONNECT Directives Example



Signed Unsigned
sc uint1

sc int2 sc uint2
sc int4 sc uint4
sc int6 sc uint6
sc int8 sc uint8
sc int12 sc uint12
sc int16 sc uint16
sc int18 sc uint18
sc int20 sc uint20
sc int24 sc uint24
sc int32 sc uint32
sc int40 sc uint40
sc int48 sc uint48
sc int64 sc uint64
sc int128 sc uint128

Figure 5. Streams-C Data Types

sc uint � bit length� . Variablesof thesetypesmay be usedin a Streams-Cprogram. A streammay have one of these
Streams-Cintegertypesasits dataelementtype(seeSection5.2).

Note: Currentlywe do not implementall thesc int types,sincetheART library cannotbeusedreliably until it is made
threadsafe.Wecurrentlydeclareall thetypesexceptfor 40,48and128bits. The1, 2, 4, 6, 12,18,20and24bit typesarenot
implementedcorrectlyfor softwareprocessesandfor hardwareprocessesin simulation. Streamsandsignalsarecurrently
limited to a maximumof 32 bits.

(I) For hardwaresynthesisof streamsandsignals,datatypesupto32 bits aresupportedfor hardware-to-softwareconnec-
tions. All theStreams-Cdatatypesaresupportedin thehardwarelibrary andcanbeusedfor hardware-to-hardwarestreams
andsignalconnections.

(I) Dueto thelimited numberof differenttypesof integersin C, theStreams-Csoftwaresimulationonly supportsbit sizes
of 8, 16, and32 accurately. Othersizesaretreatedasthenext largestsupportedsize. Any sizeover 32 is not supportedin
softwaresimulation.
Example:

sc int128 data; not supported
sc int8 datao; accuratelysupported
sc int12 datai; treatedasa 16 bit variable
sc int4 datas; treatedasa 8 bit bariable
(I) For hardwaresynthesisexplicit (andimplicit) castingfor bothsignedandunsigneditegersis supported.In multiplica-

tion, to preventanexponentialgrowth in thesizeof variables,theresultwill becastto thesizeof thelargestof theoperands.
In orderto get the full resultof a multiply, the operandsneedto be castbeforethe multiply is carriedout. Whencasting
down, theleastsignificantbits arepassedto theresultandthemostsignificantbits arelost. Whencastingup, thevariableis
extended(signedor unsigned)dependingon thenatureof thecast.
Example:

sc uint8 foo;
sc uint4 bar;
sc uint8 result8;
sc uint12 result12;
bar= foo; lowest4 bits of foo passedto bar
result8= foo * bar; 8 bit valuestoredin result
result12= (sc uint12)(foo* bar); illegal: 8 bit resultfrommultiply is castto 12 bits
result12= (sc uint12)foo* bar; correct:12 bit resultfrom multiply storedin result12
result12= (sc uint12)foo*(scuint12)bar; correct:12 bit resultfrom multiply storedin result12



ReturnType Name Arg 1 Arg 2 Arg 3 Arg 4
void sc initiate (qualified)name parameters
void sc terminate (qualified)name
void sc stream open name
void sc stream close name
sc error type sc error name
Boolean sc stream eos name
Int type sc stream read name
void sc stream write name value
� sc int type � sc wait name name...
void sc post name value
� sc int type � sc bit extract value startbit numberof bits
void sc bit insert destination deststartbit numberof bits source
int sc my id
void sc load mem from array memoryname array offsetin memory numberof qwords
void sc unload mem to array memoryname array offsetin memory numberof qwords
void sc load bram from array memoryname array offsetin memory numberof qwords
void sc unload bram to array memoryname array offsetin memory numberof qwords
void set memories

Figure 6. Streams-C Intrinsic Functions

(I) Arrays musthave basetype that matchesthe memoryto which the array is allocated. For example,if an array is
allocatedto an8-bit on-chipRAM, thenthebasetypeof the(possiblymultidimensional)arraymusthavea sizeof 8 bits.

5. Intrinsic Functions

Streams-Cincludesseveral predefinedintrinsic functions. Thereare intrinsic functionsrelatedto process,streamand
signaloperationsandthoserelatedto bit manipulation.The processfunctionsallow you to initiate anddestroy processes.
Thestreamfunctionsallow you to open,close,read,andwrite streamsandcheckfor theendof a streamaswell astheerror
indicator. Thesignalfunctionsallow you to postaneventandwait for anevent.Thebit manipulationfunctionsallow you to
insertandextractbits. Thepredefinedintrinsic functionsaretabulatedin Figure6 anddescribedbelow.

5.1 Functions to Manage Processes

Therearethreefunctionsprovided to manageprocesses.Processesaredefinedusingthe directivesoutlinedin Section
3.2. A processobjectbeginsexecutionafter thesc initiate functionis called.Theprocessnameis thefirst parameterto the
function.Optionally, a specificinstanceof anarrayprocessmaybespecifiedwith anarrayreference.If theprocessnameis
thatof anarrayof processes,andthearrayreferenceis omitted,theentirearrayis initiated. Theremainingparameteris the
argumentto theprocess(es).
Theintrinsic functionsc terminate closesdown a process,processinstance,or rangeof processes.
Thesc my id functionreturnstheprocess’s id number. Eachprocesshasauniqueid numberstartingat1.

(I) Id numbersareassignedin theorderthatprocessesaredeclaredin the.scfile.
sc initiate( � processname� [ ’[’ � integer� ’]’ ] [, � processparameters� ] )
sc terminate( � processname� , � integer� )
sc my id ()

The initiate andterminateintrinsic functionsmay only be calledfrom the C “main” or from othersoftwareprocesses.
They maynot becalledfrom hardwareprocesses.



5.2 Stream Processing Functions

Thefirst operationto beperformedon a streamis thestreamopen.Sincea streamformalparameterto a processmustbe
eitherinput or output,it is notnecessaryin a streamopenfunctioncall to specifya direction(unlikefile I/O):
sc stream open( � streamname� )
Thestreamopenresetsthestreaminternalstate.Thereareno errorconditionsassociatedwith a streamopen.
Whenthestreamis no longerneeded,it maybeclosed:
sc stream close( � streamname� )
Thestreamclosewritesan“end-of-stream”tokento theoutputstream.Therearenoerrorconditionsassociatedwith astream
close.
Somestreamoperationsmight resultin anerror. To checkfor anerroron a stream,thesc error functionmaybecalled:
sc error type sc error( � streamname� )

(I) Currentlyonly oneerroris defined:overflow, which is 1. No erroris azero.
On aninput stream,two additionaloperationsmaybeperformed:end-of-streamtestandstreamread.Theend-of-stream

testchecksto seewhethera “close” operationwasperformedon the streamby thestreamwriter. It doesthis by checking
the currentelementat the headof the stream. If this elemenis the distinguished“end-of-stream”token, a “true” valueis
returned;otherwisea “f alse”valueis returned.

The streamreadtries to readthe next streamelement,andblocksif the streamis empty. A readoperationon a closed
streamreturnszeroandsetstheend-of-streamflag.
Booleansc stream eos( � streamname� )
Thisoperationis only allowedon input streams.
� sc [u]int type� sc stream read( � streamname� )

This function returnsa streamelementof the Streams-Cintegerdatatypeassociatedwith the stream(seeSection4 for
a list of Streams-Cinteger datatypes). If the streamis closed,zero is returned,anda subsequentcall to sc stream eos
returnsTrue. If an error wasencountered,a subsequentcall to sc error( � streamname� ) returnsthe error andclearsthe
errorindicator. Thestreamreadfunctionis only allowedon inputstreams.

Outputstreamsmaybewritten:
sc stream write( � streamname� , � value� )
Thestreammustbea writablestream,andthevaluemustbecoercibleto thestreamdatatype.

5.3 Signal Functions

Signalsareusedfor directedoccasionalcommunicationbetweenprocesses,typically for synchronization.Two operations
arepermittedonsignals:postandwait. A parametermaybepassedwith thesignal.
� sc int type � sc wait( � signalnamelist � )
Theprocessreceivesa signalpostedby thesignalwriter. If a signalhasnot yet beenposted,theprocesswaits. If thewait
statementspecifiesmorethanonesignal,thestatementreturnswheneveroneof thesignalsin thelist hasbeenposted.
sc post( � signalname� , � value� )
Thesignalispostedalongwith theparameter, over-writing any previouslypostedsignals.Theprocesscontinuesimmediately.
If acknowledgementis desired,thereceiving processshouldposta differentsignalbackto thesender, andthesendershould
wait for theacknowledgingsignal.

(I) Multiple signalpostscanresultin over-writen data,referenceStreams-Cexamplesapps/sig2showing recommended
usefor signalposts.

(I) If anumericvalueis postedwith a sc post call, thevaluemustbecastto thesametypeastheoutputsignal.

5.4 Bit Manipulation Functions

Therearetwo functionsthatareusefulfor bit manipulation:extractingbits andinsertingbits. For both thesefunctions,
thestartbit is thelow orderbit andthenumberof bits countsfrom thelow orderbit.
� sc int type � sc bit extract( � value� , � start bit � , � numberof bits� )
This function returnsa contiguousrangeof bits extractedfrom � value� , startingat thespecifiedstartbit for thespecified
numberof bits.
sc bit insert( � destination� , � d start bit � , � numberof bits� , � source� )



Thesourceis insertedinto thedestinationstartingatbit � d start bit � for � numberof bits� . Truncationor signextension
areperformeddependingon theunderlyingdatatype.

5.5 Miscellaneous Constructs

5.6. Memory Functions

Two functionsareprovidedto write to andreadfrom memorieson theFPGA.Thememoriesarenamedmem0, mem1,
mem2, mem3 andmem4 for theFirebirdboard.
sc load mem from array( � memoryname� , � array� , � memoryoffset� , � numberqwords� )
sc unload mem to array( � memoryname� , � array� , � memoryoffset� , � numberqwords� )

Two functionsareprovidedto write toandreadfromblockramsontheFPGA.ThememoriesarenamedDP 1 � number� ,
DP 2 � number� for theFirebirdboard.
sc load bram from array( � memoryname� , � array� , � memoryoffset� , � numberqwords� )
sc unload bram to array( � memoryname� , � array� , � memoryoffset� , � numberqwords� )

(I)Thecurrentreleaseof thecompilersupportsonly on typenamedbram0, referenceStreams-Cexampleapps/bram1.
A functionto initialize externalmemoriesfor synthesis

set memories()

5.7. Macros

The IF SIM macrois providedfor convenience.The body of the macrois executedin simulationmodeandomittedin
synthesismode. A correspondingIN NSIM macrois providedto includecodefor synthesisbut not simulation. Similarly,
#ifdef SC SIMULATION canbeusedfor codeintendedfor simulationmode(and#ifndef SC SIMULATION for synthesis
mode).

Otherconvenientdirective include: /// HARDWARE INCLUDE /// HARDWARE INCLUDE END Thesedirectivesare
usedbeforeandafterincludefilesandmacrosthatmustbeincludedin thegenerated.cf file for synthesis.Most includefiles
suchasstdio.hor math.harenot includedwith the input to the synthesiscompiler. Puttingincludefiles into the hardware
includeblockensuresthatthosefileswill getincludedin thesynthesiscompile.

Similarly, for coderun on the host, the directives: /// SOFTWARE INCLUDE /// SOFTWARE INCLUDE END are
provided.Thesedirectivesareusedbeforeandafterincludefilesandmacrosthatyouwantincludedin thegeneratedsim.cpp
and syn.cppfiles.

6. Hardware-Supported Subset of C

� Dynamicmemoryallocationis not supported
� Pointersarenot permitted.Indirectreferencemustbeaccomplishedthrougharrayreference.
� C variablemustbedeclaredat thebeginningof theprocess.i.e. cannotdeclarei in a for loop, for(int i=0; i � n; i++)
� Arraysof processesareimplemented,but localblock rammemoryfor eachprocessin thearrayis not.

7. Style Issues

7.1. Optimization Hints

� Usefunctionssc bit insert()andsc bit extract()insteadof theshift left or shift right (” ��� ” or ” ��� ”) operators.

7.2. Simulation vs. Synthesis

Occasionallyit is usefulto write thecodein onewayfor simulationandslightly differentfor synthesis.TheIF SIM macro
is providedfor this purpose.

We have foundthatC compilerbugssometimescauselargelocally allocatedarraysto getcorrupted.Thusto circumvent
thebug in simulation,thearrayis globallyallocatedduringsimulationandlocally allocatedfor synthesis.
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Figure 7. Organization of the Compiler

8. Using sc2

8.1. Compiler Organization

A Streams-Cprogrammay be simulatedat the functional level (seefigure 7). Our functionalsimulatorusesthe Linux
pthreadspackageto supportconcurrentprocessesandstreamcommunication.At this level, theprogrammercanuseconven-
tionalsoftwaredebuggersand“print” statementsto understandtheparallelprogram’sconcurrency behavior. Theprogrammer
candetectmany potentialdeadlockandlivelockconditions,andgetagoodapproximationfor buffer sizesrequiredfor correct
programexecution.

Our simulationtools usethe/// annotationsto generatea C++ programthat links the processfunction body with the
simulation library. The generatedC++ sourceprogramis then linked with our “ptstreams”library to producea Linux
executablethat canrun on the Linux workstation. The processof compiling for simulationis describedin greaterdetail
in Section8.2.

Whentheprogramis compiledfor synthesis,therearebothsoftwareandhardware“object” files generated.Thesoftware
executablecontainsall softwareprocessesaswell as the runtimesystemto communicatewith hardwareprocesses.The
hardwarebit stream(s)containall the hardwareprocessesaswell asthe hardwarelibrariesfor streamcommunicationand
sequencecontrol.Compilingfor synthesisis describedin greaterdetail in Section8.2.

Note: A pre-processorconvertsthe.scfile into C��� or C for thesimulationor synthesisprocessrespectively. Thepre-
processorparsesonly the”///” directives,anddoesnotdetectsyntaxerrors in theuser’scode. Thusyoushouldexpectto get
error messagesfromtheC��� or sc2synthesiscompilerrelativeto thegeneratedcode.

8.2. How to compile for VHDL simulation and synthesis

To compilea � programname� ṡcfile for synthesis,usethestandardStreams-Cmakefilewith atargetof � programname� all.vhd.
Thehw lib manualdescribesVHDL simulation,synthesisandplaceandrouteproceduresto createabit streamfor thetarget
hardware.

Therearenumerousphasesandintermediatefilescreatedon thepathfrom .scto the.vhdoutput.Any of theintermediate
targetsmaybespecifiedasa target,if desired.



#pragma SC PROCESS_FUN <function_name> [<stream__signal_list>] [<parameter>]

<stream_signal_list> ::= <stream_signal> [ <stream_signal> ... ]
<stream_signal> ::= <instream> | <outstream> | <insignal> | <outsignal>

<instream> ::= IN_STREAM <type_name> <stream_name>
<outstream> ::= OUT_STREAM <type_name> <stream_name>
<insignal> ::= IN_SIGNAL <type_name> <signal_name>
<outsignal> ::= OUT_SIGNAL <type_name> <signal_name>

<parameter> ::= PARAM <type_name> <parameter_name>

Figure 8. PROCESS FUN Pragma

#pragma SC PROCESS <process_name> <array_spec> <process_fun_spec> \
<typespec> <on_spec>

<array_spec> ::= ARRAY <int>
<process_fun_spec> ::= PROCESS_FUN <name>
<type_spec> ::= TYPE HP|SP
<on_spec> ::= ON <resource_name>

Figure 9. PROCESS Pragma

1. .sc � .cf convertsthe“///” annotationsinto C pragmasfor thesynthesiscompiler

2. .cf � .sntappliestheSUIFsnootC parser(asmodifiedfor Streams-C)

3. .snt � .spfappliesnumerousporky passesto eventuallygenerateaninput file into thesc2compilerpasses.

4. .spf � .spgperformsthefirst sc2passto normalizethesyntaxtreeandenforcethesc2C subset.

5. .spg � .zsdis the major sc2passthat schedules eachhardwareprocess.A porky passis thenappliedto dismantle
controlstructure.

6. .zsd � .vhdrunsthevhdl generator over thescheduledSUIF representation.

Streams-C Pragma Format
Whencompilingfor synthesis,ascriptconvertseach“///” block in the.scfile into aC pragma.ThenormalSUIFprocess-

ing incorporatesthepragmasinto thesyntaxtree. Thenormalize,scheduleandvhdl generatorusethepragmainformation
during translation. Eachpragmais taggedwith the keyword “SC” followed by the nameof the option (PROCESSFUN,
PROCESS,or CONNECT)andtheadditionalqualifiersapplicableto eachoption.Thepragmamustbeonasingleline. The
formatof thePROCESSFUN pragmais shown in Figure8.

ThePROCESSpragmais shown in Figure9. Eachclauseis required.If thereis a singleprocessinstance,thearray-spec
is written “ARRAY 1.” If no on specwasgivenin the.sc,a default nameFPGAis used.Thedefault for softwareprocesses
is sc host.

TheCONNECTpragmais shown in Figure10. If theprocessnamespecifiesanarrayof processes,aspecificinstanceor a
rangemaybechosen.ThePORT refersto a streamor signalpreviouslydefinedin a PROCESSFUN pragma.Theto range
usesthe“!” symbolto denoteall instancesin the � from range� , andthesecondto rangeparametermaybeasignedinteger
denotinganoffsetfrom therange.

Thememorypragmashown in Figure11selectsthetypeof memoryusedby agivenarrayin ahardwareprocess.Seethe
sc2Hardware Library ReferenceManual for moreinformationon thetypes,width andsizeof externalmemoriesandblock
RAMs available. Thememoriesaredefinedin the.def file (in apps/arch)which is specificto eachtargetandthesefiles are
providedfor theFirebird.



#pragma SC CONNECT <process_name> <from_spec> <port_spec> <fifo_spec> [<register_base>]\
TO <process_name> <to_spec> <port_spec> <fifo_spec> [<register_base>]

<from_spec> ::= INSTANCE <int> | <from_range>
<from_range> ::= RANGE <int> <int>

<port_spec> ::= PORT <name>

<to_spec> ::= INSTANCE <int> | <to_range>
<to_range> ::= RANGE ! <int>

<fifo_spec> ::= FIFO_SIZE <uint>

<register_base> ::= REGISTER_BASE <hex>

Figure 10. CONNECT Pragma

#pragma SC memory <memory_type> <array_name>

Figure 11. Memor y Pragma

Thepipelinepragmais shown in Figure12. Thepipelinepragmashouldbeinsertedaftertheloop controlstatement.The
currentversionof thecompilerautomaticallypipelinesfor loopsandwhile loops.

(I) Theinner-mostloopsof nestedloopscanbepipelined.Seeexample/streamsc/apps/fastfold/totalfold.sc
Theunroll pragmais shown in Figure13. It shouldbeinsertedafter theloop controlstatementandtakesoneparameter,

which is theunroll factor. For example,”unroll 4” meansthatfour copiesof theloopbodyshouldbeinstantiated.It is useful
to unroll small,fixediterationloopssothatall theiterationscanoccurin parallel.

(I) Whenusingtheunroll pragma,largeunroll factorscombinedwith largeloop bodymaycausetheschedulingphaseof
thecompilerto runout of memory.
Example

For theexampleprogramshown in Section8.3,thefollowing .cf directivesaregenerated:

#pragma SC PROCESS_FUN host1_run OUT_STREAM sc_int32 "output_stream" PARAM int "iterations"

#pragma SC PROCESS_FUN host2_run IN_STREAM sc_int32 "input_stream"

#pragma SC PROCESS_FUN controller_run IN_STREAM sc_int32 "input_stream" OUT_STREAM
sc_int32 "output_stream"

#pragma SC PROCESS_FUN pe0_proc_run IN_STREAM sc_int32 "input_stream" OUT_STREAM
sc_int32 "output_stream"

#pragma SC PROCESS controller ARRAY 1 PROCESS_FUN controller_run TYPE HP ON PE0

#pragma SC PROCESS pe0_proc ARRAY 1 PROCESS_FUN pe0_proc_run TYPE HP ON PE0

#pragma SC pipeline

Figure 12. Pipeline Pragma



#pragma SC unroll <number of iterations of the loop>

Figure 13. Unroll Pragma

#pragma SC PROCESS host1 ARRAY 1 PROCESS_FUN host1_run TYPE SP ON sc_host

#pragma SC PROCESS host2 ARRAY 1 PROCESS_FUN host2_run TYPE SP ON sc_host

#pragma SC CONNECT host1 INSTANCE 0 PORT "output_stream" FIFO_SIZE 16 TO controller
INSTANCE 0 PORT "input_stream" FIFO_SIZE 16 REGISTER_BASE 0x0

#pragma SC CONNECT controller INSTANCE 0 PORT "output_stream" FIFO_SIZE 16 TO pe0_proc
INSTANCE 0 PORT "input_stream" FIFO_SIZE 16

#pragma SC CONNECT pe0_proc INSTANCE 0 PORT "output_stream" FIFO_SIZE 16 REGISTER_BASE
0x3 TO host2 INSTANCE 0 PORT "input_stream" FIFO_SIZE 16

8.3. Examples

ThissectioncontainsseveralStreams-Cexamples.Thefirst exampleis asimplepass-throughpipelineandillustrateshow
to defineprocessesandstreams,andhow to usethestreamintrinsics.

8.3.1 Example 1: Passing Data in a Pipeline

This programstrm2.schastwo softwareprocessesandtwo hardwareprocesses,asshown in Figure14. The first software
processhost1,with run functionhost1runopensanoutputstreamandwritesasequenceof integersto thestream.Thebound
on the loop (“iterations”) is setby the input argumentto the programinvocation(eg. the invocation“strm 400” causesa
sequenceof integersfrom 0 to 399to bewritten to theoutputstream).

The streamsentby host1goesto a hardwareprocesscontrollerwith run function controller run. This processsimply
forwardsthestreamto thenext hardwareprocess,pe0proc run.

pe0proc run hastwo phases.First it copiesits input streamto memory. When the whole streamhasbeenreadinto
memory, it readsbackthedatain reverseorderandwritesto its outputstream.

Thefinal process,host2,usingrun functionhost2run,readsthestreamfrom pe0proc runandprintsout thedatareceived
from thestream.

The main programparsesthe input parameterandtheninitiatesall the processes.A terminateis not necessary, asthe
processesterminateuponexit from therun function.

The IF SIM macrois providedfor convenience.The body of the macrois executedin simulationmodeandomittedin
synthesismode.
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Figure 14. Process inter connection for Example 1

/* Example streams-c test program
* Algorithm:
* host1 writes integer values 0 to "iterations" out to the
* controller process via a stream. The controller writes
* the values to the pe0_proc process via a stream. The
* pe0_proc stores the integers in an array and then
* writes them to the host2 process in reverse order and the
* host2 prints them out.
*
* tests stream modules, pipeline modules, memory interface
*/

#include <stdio.h>

#define MAX 5000

/// SOFTWARE_INCLUDE
// After place and route, uncomment these and set to values
// then recompile to create new _syn.cpp.
//#define SC_UCLK <some value>
//#define SC_MCLK <some value>
/// SOFTWARE_INCLUDE_END

void usage(char* ProgramName)
{
printf("USAGE: %s <# iterations> (%d is default, max is %d)\n",

ProgramName, MAX, MAX);
}

int parse_input_pars(int argc, char **argv)
{
char* ProgramName;

ProgramName = argv [0];

printf("StreamC Memory test\n");

int iterations = MAX;



if(argc == 2) {
int i;

sscanf(argv[1], "%i", &i);
if (( i>=0) && (i<=MAX))
iterations = i;

else usage(ProgramName);
} else if (argc != 1)

usage(ProgramName);
return iterations;
}

/// PROCESS_FUN host1_run
/// OUT_STREAM sc_int32 output_stream
/// PARAM int iterations
/// PROCESS_FUN_BODY
sc_int32 i;

printf("Process host1 entered\n");

printf("iterations = %d\n", iterations);

sc_stream_open(output_stream);

printf("Process host1 opened stream: output_stream\n");

for(i=0; i<iterations; i++) {
printf("Process host1 writing stream: output_stream with: %d\n", (int)i);
sc_stream_write(output_stream, i);

}

printf("Prcess host1 Closing stream output_stream\n");

sc_stream_close(output_stream);

printf("Process host1 exiting\n");

/// PROCESS_FUN_END

/// PROCESS_FUN host2_run
/// IN_STREAM sc_int32 input_stream
/// PROCESS_FUN_BODY

sc_int32 j;

printf("Process host2 entered\n");

sc_stream_open(input_stream);

printf("Process host2 opened stream: input_stream\n");



printf("Process host2 reading stream: input_stream\n");
j = sc_stream_read(input_stream);

while(!sc_stream_eos(input_stream)) {
printf("Process host2 read %d from stream: input_stream\n", (int)j);
j = sc_stream_read(input_stream);

}

printf("Process host2 Closing stream input_stream\n");
sc_stream_close(input_stream);

printf("Process host2 exiting\n");

/// PROCESS_FUN_END

/// PROCESS_FUN controller_run
/// IN_STREAM sc_int32 input_stream
/// OUT_STREAM sc_int32 output_stream
/// PROCESS_FUN_BODY

sc_int32 i;

IF_SIM(printf("Process controller entered\n"));

sc_stream_open(input_stream);
IF_SIM(printf("Process controller opened stream: input_stream\n"));

sc_stream_open(output_stream);
IF_SIM(printf("Process controller opened stream: output_stream\n"));

while(!sc_stream_eos(input_stream)) {
#pragma SC pipeline

i = sc_stream_read(input_stream);
IF_SIM(printf("Process controller read %d from stream: input_stream\n", (int)i));
sc_stream_write(output_stream, i);

}

IF_SIM(printf("Process controller Closing stream input_stream\n"));
sc_stream_close(input_stream);

IF_SIM(printf("Process controller Closing stream output_stream\n"));
sc_stream_close(output_stream);

IF_SIM(printf("Process controller exiting\n"));

/// PROCESS_FUN_END

/// PROCESS_FUN pe0_proc_run
/// IN_STREAM sc_int32 input_stream
/// OUT_STREAM sc_int32 output_stream



/// PROCESS_FUN_BODY

sc_int32 i, i1;
sc_int32 A[5000];

IF_SIM(printf("Process pe0_proc entered\n"));

sc_stream_open(input_stream);
IF_SIM(printf("Process pe0_proc opened stream: input_stream\n"));

sc_stream_open(output_stream);
IF_SIM(printf("Process pe0_proc opened stream: output_stream\n"));

i = 0;
while(! sc_stream_eos(input_stream)) {

#pragma SC pipeline
i1 = sc_stream_read(input_stream);
IF_SIM(printf("Process pe0_proc read %d from stream: input_stream\n", (int)i1));
A[i] = i1;
i++; /* max of 5000 is enforced at host */

}

for (i=i-1; i>=0; i--) {
#pragma SC pipeline

sc_stream_write(output_stream, A[i]);
IF_SIM(printf("Process pe0_proc wrote %d from stream: input_stream\n", (int)A[i]));

}

IF_SIM(printf("Process pe0_proc Closing stream input_stream\n"));
sc_stream_close(input_stream);

IF_SIM(printf("Process pe0_proc Closing stream output_stream\n"));
sc_stream_close(output_stream);

IF_SIM(printf("Process pe0_proc exiting\n"));

/// PROCESS_FUN_END

//
// process definitions
//

/// PROCESS controller PROCESS_FUN controller_run TYPE HP ON PE0

/// PROCESS pe0_proc PROCESS_FUN pe0_proc_run TYPE HP ON PE0

/// PROCESS host1 PROCESS_FUN host1_run

/// PROCESS host2 PROCESS_FUN host2_run

//
// connections



//

/// CONNECT host1.output_stream controller.input_stream
/// CONNECT controller.output_stream pe0_proc.input_stream
/// CONNECT pe0_proc.output_stream host2.input_stream

void main(int argc, char *argv[]) {
int iterations = parse_input_pars(argc, argv);
sc_initiate(host2);
sc_initiate(controller);
sc_initiate(pe0_proc);
sc_initiate(host1, iterations);

}

9. Compiler Implementation Notes
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